A decline in plasma concentrations of insulin-like growth factor-1 (IGF-1) has been hypothesized to contribute to a decrease in tissue protein synthesis and function in aging animals and man. In this study, the effects of aging and long-term caloric restriction on growth hormone receptor signal transduction were assessed in hepatic tissue to determine whether alterations in tissue responsiveness to growth hormone contribute to the decline in IGF-1 gene expression. Liver slices from female C57/BL mice (10,17, and 31 months) were prepared in media and stimulated with growth hormone (2 nM). An increase in growth hormone receptor binding was observed in 31-month ad libitum-fed animals (p < .01 compared to 10-or 17-month-old animals), and this effect was partially attenuated by moderate caloric restriction. However, growth hormone (2 nM)-induced IGF-1 gene expression was significantly lower in old ad libitum-fed animals (p < .05 compared to 10-month-old ad libitum and 31-month-old caloric-restricted animals). Further analysis revealed that growth hormone receptor and JAK2 kinase phosphorylation as well as mitogenactivated protein (MAP) kinase activity were significantly lower in old animals compared to the adult or middle-age groups (p < .05). Old caloric-restricted animals demonstrated a significant increase in growth hormone receptor and JAK2 kinase phosphorylation and MAP kinase activity in response to growth hormone. The results demonstrate that growth hormone increases growth hormone receptor andJAK2 kinase phosphorylation as well as MAP kinase activity in liver. These responses decrease with age and are attenuated by moderate, long-term caloric restriction.
P
REVIOUS studies indicate that a decline in the capacity for tissue protein synthesis is a contributing factor in the decrease in tissue function (including DNA, RNA synthesis, and enzyme activity) characteristic of aged animals and man (see Van Remmen et al., 1994) . Although the specific mechanisms responsible for this decline are unclear, many studies suggest that decreases in plasma insulin-like growth factor 1 (IGF-1) contribute to the age-related decline in cellular function and protein synthetic capacity (Florini and Roberts, 1979; Sonntag et al., 1980; Florini et al., 1981; Rudman et al., 1981 Rudman et al., , 1990 Breese et al., 1991) . The decrease in IGF-1 with age in rodents, nonhuman primates, and humans appears to result from a deficiency in highamplitude growth hormone secretion from the anterior pituitary gland (Johanson and Blizzard, 1981; Sonntag et al., 1984; Kahler et al., 1986; Rudman et al., 1990) . However, recent studies also suggest that a decline in tissue response to growth hormone may also contribute to the decrease in IGF-1 (Lieberman et al., 1994) , although the specific mechanisms responsible for these changes have not been elucidated. Previous studies indicate that receptor density for growth hormone increases with age in rodents (Takahashi and Meites, 1987) , which has led to the hypothesis that reduced signal transduction through the growth hormone receptor (GHR) may be a contributing factor in the decline in IGF-1 gene expression with age.
Recent studies have provided important insight into growth hormone receptor signal transduction in many cell types (Campbell et al., 1992; Moller et al., 1992; Argetsinger et al., 1993; Sotiropoulos et al., 1994) . The growth hormone receptor (GHR) belongs to the cytokine family of receptors, and activation of this molecule stimulates JAK2 kinase with subsequent phosphorylation of itself and the GHR (Argetsinger et al., 1993; Colosi et al., 1993; Sotiropoulos et al., 1994) . Studies indicate that several intracellular proteins are subsequently phosphorylated in this cascade, including mitogen-activated protein (MAP) kinase and S6 kinase (Anderson, 1992; Campbell et al., 1992; Moller et al., 1992; Sotiropoulos et al., 1994) . Although the specific steps involved have not been established, the result of activation of the growth hormone receptor is an increase in IGF-1 gene expression and secretion (Schoenle et al., 1982; Bichelletal., 1992) .
In recent years, there has been a growing interest in the biological effects of moderate caloric restriction. This regimen has been shown to increase life span and prevent or delay the onset of disease in a number of species (McCay et al., 1943; Yu et al., 1982; Weindruch and Walford, 1982; Iwasaki et al., 1988) as well as prevent the age-related decrease in protein synthesis (Richardson, 1981; Sonntag et al., 1984 Sonntag et al., , 1992 Birchenall-Sparksetal., 1985) . In addition, it has been reported that moderate caloric restriction can delay the rate of decline in IGF-1 gene expression in some species compared to ad libitum-fed animals (Breese et al., 1991; Sonntag etal., 1992) .
The purpose of this study was to determine the influence of aging and long-term moderate caloric restriction on the growth hormone-induced rise in IGF-1 gene expression and
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MATERIALS AND METHODS

Animals and Materials
Female C57BL6 mice were obtained from the National Institute on Aging Project on Caloric Restriction at the National Center for Toxicology Research (NCTR, Jefferson, AR). Upon arrival at our facility, animals were individually housed in single cages and maintained on a 12 h light, 12 h dark cycle in a temperature-controlled room (22 °C). Water was available ad libitum to all animals, and animals were fed either ad libitum rat chow (NIH-31, Purina Mills, Richmond, IN) or 60% of ad libitum food consumption (utilizing a vitamin-and mineral-supplemented diet). This dietary regimen was initiated at NCTR at 16 weeks of age and continued until sacrifice. The animal facility at Bowman Gray School of Medicine is fully accredited by the American Association for Accreditation of Laboratory Animal Care (AAALAC), and all protocols were approved by the Institutional Animal Care & Use Committee.
Growth Hormone Receptor Binding Assay
Receptor binding assays were performed on crude membrane preparations from liver slices by methods previously described, with some modifications (Baxter, 1985 ; n = 6/ group). Tissue was homogenized in glass Teflon tubes in homogenization buffer (25 mM Tris-HCl pH 7.4, 10 mM MgCl 2 , and 0.25 M sucrose), centrifuged at 720 x g for 30 min, and the resulting supernatant centrifuged at 15,000 x g for 90 min. The supernatant was discarded and the pellet resuspended in homogenization buffer. Membrane protein (400 |xg) was incubated with 0.3 ng 125 I-bovine growth hormone (100,000 cpm/tube) in a total volume of 500 jxl for 20 hours at 4 °C. Nonspecific binding was assessed by the addition of 2 (xg unlabeled growth hormone. Rat growth hormone (NIDDK-RAT GH B-14-SIAFP, lot AFP48037) and GH antiserum (lot AFP48037) were a gift from Dr. A. F. Parlow. At the end of the incubation period, membranes were centrifuged at 2200 x g, the supernatant aspirated, and the pellet counted in an LKB gamma counter. For Scatchard analysis, membrane protein (400 |xg) was incubated with 100 pg to 12.8 ng/tube 125 I-bovine growth hormone in triplicate. Results were consistent with a one-site model for receptor-ligand binding. Protein concentrations were determined for each membrane preparation by the Bradford protein assay (BioRad, Melville, NY) utilizing bovine serum albumin as standard.
JAK2 Kinase and Growth Hormone Receptor Phosphorylation
Animals were rapidly decapitated, and livers were excised and washed in F-12 media (Gibco BRL, Gaithersburg, MD). Tissue was sliced with a Mcllwan tissue chopper (Brinkmann, approximately 300 (xm thick), washed with media, and preincubated for 1 hour at 37 °C and then in F-12 media in the presence of 2 nM rat growth hormone for various times. JAK2 and GHR complex phosphorylation were analyzed using procedures previously described (Stred et al., 1992; Sotiropoulos et al., 1994) . Cells were washed five times in PBS and lysed in 2 ml ice-cold 25 mM Hepes, 2 mM Na 3 VO 4 , 0.1% Triton X-100, 1 mM PMSF, 10 (xg/ml aprotinin, 10 |xg/ml leupeptin, and 0.5 mM dithiothreitol, pH 7.4 (HVT buffer). Insoluble material was removed by ultracentrifugation at 230,000 x g for 1 h. Solubilized protein (4 mg) was incubated with anti-phosphol:yrosine antibody (1:500; UBI, Lake Placid, NY) or anti-rat growth hormone antibody (1:2000) for 2 h at 8 °C by end-to-end mixing. Protein A agarose (70 |xl, Gibco BRL) was then added, and the incubation was continued for an additional 30 min. The immunomatrix was washed extensively with 50 mM Hepes buffer containing 15 mM NaCl and 0.1% Triton X-100, pH 7.6 (NHT). Proteins were eluted by boiling in 200 \x\ SDS-PAGE sample buffer containing 2% SDS and 360 mM B-mercaptoethanol and subjected to 10% SDS-PAGE. Samples were transferred to nitrocellulose using a semi-dry transfer cell. Membranes were blocked for 1 h in PBS containing 5% skim milk and 0.1% tween-20 before incubation with anti-JAK2 (1:1000; UBI) or antiphosphotyrosine antibody (1:2000; UBI) for 2 h. Goat antirabbit or rabbit anti-mouse IgG (Amersham, Arlington Heights, IL) conjugated with peroxidase was used to visualize the bands. Blots were exposed to film and the bands quantified by densitometry using a Globe lab image analysis system (Marlboro, MA). Parallel lanes were run with molecular weight markers (BioRad).
MAP Kinase Activity
MAP kinase activity was analyzed after stimulation of tissue with growth hormone as previously described (Moller et al., 1992) . Briefly, after 5 or 15 min, slices were washed with 10 ml ice-cold PBS followed by 5 ml ice-cold extraction buffer (50 mM B-glycerophosphate pH 7.3, 1.5 mM EGTA, 0.1 mM Na 3 VO 4 , 1 mM dithiothreitol, 1 mM benzamidine, 10 |xg/ml aprotinin, and 2 |xg/ml pepstatin A). Tissue was homogenized in glass Teflon tubes for 5 sec, and the cytosolic fraction was obtained by centrifugation at 100,000 x g for 15 min. MAP kinase activity was assessed by phosphorylation of myelin basic protein after inhibition of protein kinase A and calmodulin-dependent kinase by protein kinase A inhibitor and calmidazolium, respectively (Sigma, St. Louis., MO). Aliquots of cytosolic extracts (12.5 jxl) were incubated in kinase buffer (0.33 mg/ml myelin basic protein, 50 mM Bglycerophosphate (pH 7.3), 1 mM dithioerythritol, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 ,0.1 mM [ 32 P] ATP, 1.5 mM EGTA, 2 |xM rabbit protein kinase A inhibitor, and 10 |xM calmidazolium) in a final incubation volume of 25 jxl. The incubation was allowed to proceed for 20 min at 30 °C, after which the reaction mixture was spotted on phosphocellulose paper. After removing unreacted [ 32 P] ATP by four washes with 1% H3PO4, the radioactivity associated with the paper was measured in a liquid scintillation counter as Cerenkow radiation. The radioactivity in the extraction buffer from control incubations was subtracted. Each well was analyzed in duplicate, and protein in the cytosolic extract was measured according to Bradford (1976) .
Western Blot Analysis for MAP Kinase Concentration
Cytosolic protein was obtained as described above (Moller et al., 1992) . Extracts, corresponding to 100 jxg of protein, were precipitated with 10% trichloroacetic acid, washed with acetone, and dissolved in 40 |xl solubilization buffer. The proteins were separated by 10% SDS-PAGE and transferred to nitrocellulose by electroblotting. Membranes were blocked for 1 h in PBS containing 5% skim milk and 0.1% tween-20 before incubation with a 1:1000 dilution of mouse anti-MAP kinase antibody (UBI). Rabbit antimouse IgG (Amersham) conjugated with peroxidase was used to visualize the bands. Blots were exposed to film, and the bands were quantified by densitometry as previously described.
IGF-1 mRNA Analysis
After incubation with 2 nM growth hormone for 1 or 2 h, total RNA was extracted from liver slices and subjected to dot-blot analysis as previously described (Breese et al., 1993) . The 376 bp IGF-1 probe, a generous gift of Drs. C. Roberts and D. LeRoith, encoded part of the A domain, all of domains D and E, and part of the 3' UTR. An anti-sense probe was made by linearizing the plasmid with Hindlll and labeling with T 7 polymerase and [ 
Radioimmunoassay
IGF-1 in media was analyzed by RIA as described (Breese et al., 1993) 
Data Analysis
Data were initially analyzed for normality and subsequently analyzed by ANOVA using SigmaStat (Jandel Scientific, San Rafael, CA). When ANOVA revealed significant effects, pair-wise comparison were made using the Student-Newman-Keuls test. Data that were not normally distributed (growth hormone receptor phosphorylation) were transformed by square root and analyzed by ANOVA. A pvalue less than .05 was considered statistically significant.
RESULTS
Growth Hormone Receptor Density
Analysis of growth hormone receptor binding revealed that old ad libitum-fed animals had greater receptor density compared to either adult or middle-aged animals {p < .01). Old caloric-restricted animals had slightly greater receptor density than adult and middle-aged animals; however, the latter differences were not statistically significant. The difference between the receptor density of old ad libitum and old restricted animals was not statistically significant. Despite differences in the number of receptor binding sites, Scatchard analysis indicated a similar K D for all four groups (Table 1) . To further assess the function of growth hormone receptors in the different groups, all subsequent data were expressed after normalization to growth hormone receptor number.
Growth Hormone Receptor Phosphorylation
Preliminary data indicated that adult and old ad libitumfed animals demonstrated a similar time course for GHR phosphorylation which was maximal 10 minutes after the addition of growth hormone. The phosphoprotein identified by this procedure exhibited an apparent molecular weight of 125,000 (data not shown), which is comparable to the reported size of the GHR in mice (Smith and Talamantes, 1987; Smith et al., 1988) . Therefore, phosphorylation of the 125 kDa growth hormone receptor was compared among the four groups at the 10-minute time point. In response to growth hormone, adult and middle-aged ad libitum-fed as well as old restricted animals exhibited a 26%, 145%, and 88% increase in growth hormone receptor phosphorylation, respectively, compared to old ad libitum-fed animals (relative densities of 0.67 ± 0.13, 1.30 ± 0.26, and 0.53 ± 0.13, 1.25 ± 0.45 in adult, middle-aged, old ad libitum-fed and old restricted animals, respectively). After data were corrected to receptor number, receptor phosphorylation of the adult and middle-aged ad libitum-fed and old restricted animals was substantially higher than old ad libitum-fed animals, respectively (p < .01) (Figure 1, left panel) .
JAK2 Kinase Phosphorylation
Stimulation of tissue with growth hormone induced the phosphorylation of a 130-KDa protein which was recog- Figure 1 . Effect of aging on growth hormone-induced GHR (left) and JAK2 kinase (right) phosphorylation. The GHR and JAK2 kinase phosphorylation assay are described in Materials and Methods. Reactive bands were visualized using ECL kits and quantified by densitometry. The average density of bands from different ages was corrected for receptor density in the respective groups. Each point represents the mean ± SEM of six determinations. *p < .05 compared to old ad libitum-fed animals.
nized by the anti-JAK2 antibody and was consistent with the reported size of JAK2 kinase (Figure 2 ). Ten minutes after stimulation with growth hormone, levels of phosphorylated JAK2 increased in adult and middle-aged ad libitum-fed animals, but this increase was attenuated with age and was 60.9% less in old ad libitum animals compared to adult animals. Long-term caloric restriction increased JAK2 kinase phosphorylation in response to growth hormone by 76% compared to old ad libitum animals (p < .05, Figure 1 , right panel).
Basal MAP Kinase Content
Analysis of basal MAP kinase levels revealed a 42 kDa band in every sample which is similar to the size of MAP kinase that has been previously reported (Campbell et al., 1992) . The relative densities of basal MAP kinase levels were 0.93 ± 0.34, 1.06 ± 0.20, 0.88 ± 0.24, and 1.18 ± 0.28 in adult, middle-aged old ad libitum, and old restricted animals, respectively; these differences were not statistically significant.
MAP Kinase Activity
Initial studies in young animals indicated that MAP kinase activity peaked 15 minutes after addition of growth hormone and gradually decreased (data not shown). MAP kinase activity in adult, middle-aged, and old restricted animals was 48%, 134%, and 132% higher than old ad libitum-fed animals 15 minutes after growth hormone administration (relative activities of 5301.6 ± 611.6, 8353.7 ± 434.9, 3570.6 ± 629.9, and 8253 ± 231.2 in adult, middle, old ad libitum, and old restricted animals, respectively; p < .05). After the data were corrected to receptor number, MAP kinase activity was substantially reduced in old ad libitumfed animals compared to old restricted animals (p < .05, Figure 3) .
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Figure 2. JAK2 kinase phosphorylation among different ages. Liver cells were treated with rat growth hormone (2 nM) for 10 min, and solubilized protein was extracted as described in Materials and Methods. Solubilized protein (4 mg) was incubated with anti-phosphotyrosine (1:500) for 2 h at 8 °C. Protein A agarose was then added, and the immunocomplex was washed and eluted by boiling in SDS-PAGE sample buffer. Proteins were separated by 10% SDS-PAGE. Samples were transferred to nitrocellulose and immunoblotted using anti-JAK2 antibody (1:1000). Reactive bands (130 KDa) were visualized using ECL kits. Lanes A, B, C, and D are representative for JAK2 kinase phosphorylation after 10 min stimulation of tissue from adult, middle-aged, old ad libitum, and old caloric-restricted mice, respectively.
Growth Hormone Mediated IGF-1 Gene Expression and Secretion
Growth hormone induced a 60% rise in IGF-1 mRNA levels within 120 minutes in 10-month-old animals (p < .05); however, middle-aged animals had a slightly higher basal level of IGF-1 mRNA but exhibited a minimal response to growth hormone. Old ad libitum-fed animals had lower basal levels of IGF-1 mRNA and demonstrated no response to growth hormone. In contrast, old restricted animals had lower basal levels of IGF-1 gene expression but exhibited a robust response to growth hormone stimulation YOUNG MIDDLE OLD OLD RESTRICTED AGE Figure 3 . Relative increases in MAP kinase activity in response to growth hormone in 10-, 17-, and 31-month-old ad libitum and 31-month caloricrestricted mice. Tissues were treated with growth hormone (2 nM) for 5 or 15 min. Lysates were prepared and assayed for MAP kinase activity as described in Materials and Methods. The relative increase in MAP kinase activity in response to growth hormone was corrected for growth hormone receptor density in each group. Values represent the mean ± SEM of six independent experiments. *p < .05 compared to young, middle-aged, and old restricted animals. 
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A G E OLD RESTRICTED Figure 4 . Effect of age and moderate caloric restriction on IGF-1 gene expression in response to growth hormone. Liver slices were incubated with growth hormone (2 nM) for the times indicated; RNA was extracted and analyzed for IGF-1 mRNA as described in the text. The data are presented as counts from each dot and are corrected for the growth hormone receptor density in each group. The data represent the mean ± SEM of eight determinations. *p < .05 compared to old ad libitum-fed animals.
in vitro (Figure 4) . Control tissues without growth hormone stimulation had relatively constant IGF-1 mRNA levels over the incubation period (data not shown). Normalization of IGF-1 mRNA levels to 18S RNA did not alter the effects of growth hormone among the different age groups (data not shown).
In order to assess the effects of growth hormone on IGF-1 secretion, media was collected at 30 and 90 minutes after stimulation with growth hormone. Media from control tissues without growth hormone stimulation exhibited low IGF-1 levels during the experimental period (data not shown). Growth hormone stimulated IGF-1 secretion in all groups; however, IGF-1-levels in media from adult and middle-aged ad libitum-fed and old restricted animals were 83%, 106%, and 62% higher than old animals at 30 minutes (138.9 ± 20.7, 156 ± 26.5, 75.8 ± 9.2, and 122.5 ± 27 pg/ml in adult, middle-aged, and old ad libitum-fed and old restricted animals, respectively; p < .05). A similar difference was still evident at 90 min among different groups. After correction of the data to growth hormone receptor number, old ad libitum animals still had significantly lower levels of IGF-1 than the other groups (p < .05, Figure 5) . Figure 5 . Effect of age and moderate caloric restriction on IGF-1 secretion in response to growth hormone. Tissues were stimulated with 2 nM growth hormone; media was collected at the times indicated and assayed for IGF-1 by RIA. The data represent the mean ± SEM of five determinations in triplicate. *p < .05 compared to old ad libitum animals.
AGE
DISCUSSION
The primary goal of this study was to investigate the mechanisms responsible for the decline in IGF-1 gene expression with age and the potential reversal of these effects by moderate, long-term caloric restriction. A large volume of data indicates that a decline in the amplitude of growth hormone pulses with age is a major contributing factor in the decline in IGF-1 (Sonntag et al., 1984; Rudman et al., 1990; Johanson and Blizzard, 1991) . However, more recent studies have suggested that diminished tissue responsiveness to growth hormone may also contribute to this process (Lieber- man et al., 1994), suggesting that impaired GHR signal transduction may be another factor that lowers plasma IGF-1 in old animals and therefore contributes to the reduced tissue protein synthesis characteristic of aging animals. Recently, caloric restriction has been shown to increase plasma growth hormone pulses in old animals (Sonntag et al., 1995) and prevent the age-related decrease in protein synthesis and IGF-1 mRNA in old restricted animals in vivo (BirchenallSparks et al., 1985; Breese et al., 1991; Sonntag et al., 1992) . In the present study, despite a significant increase in growth hormone receptor density with age, growth hormone induced IGF-1 gene expression was reduced or absent in old and middle-aged ad libitum-fed mice. Subsequent studies revealed that old animals exhibited markedly reduced growth hormone receptor and JAK2 kinase phosphorylation as well as MAP kinase activity that appear to be closely related to GHR signal transduction. However, long-term caloric-restricted animals demonstrated relatively intact early events in GHR signal transduction and in growth hormone induced IGF-1 gene expression and secretion. Therefore, our results demonstrate that signal transduction through the GHR is progressively impaired with age, and that long-term caloric restriction delays the deterioration of early events in GHR signal transduction.
Recently, progress has been made in clarifying the early events in GHR signal transduction. The GHR belongs to a large family of single chain transmembrane receptors which includes the receptors for prolactin, erythropoietin, and interleukin 2. The receptors in this family share homology in their extracellular domains, which are rich in cysteine, a motif which has been shown in some cases to be important in protein-protein and perhaps cell-cell interactions (Bazan, 1989; Patty, 1990; Kelly et al., 1991) . JAK2 kinase is generally considered an important intracellular signaling molecule associated with the GHR and acts by phosphorylating intracellular proteins (Argetsinger et al., 1993; Sotiropoulos et al., 1994; Goujon et al., 1994) . Thus far, only two proteins have been identified as likely substrates for JAK2: JAK2 itself and the GHR (Argetsinger et al., 1993) . Analysis of specific JAK2 kinase phosphorylation in response to growth hormone demonstrated a substantial decrease with age which was prevented by moderate caloric restriction. GHR phosphorylation demonstrated changes similar to that observed for JAK2 kinase, a decrease in the old ad libitumfed animals and restoration of this response by moderate caloric restriction. Thus, our results suggest that a deficiency in JAK2 phosphorylation may be an early event in the growth hormone signal transduction pathway that is impaired with age and reversed by moderate caloric restriction.
Intracellular protein phosphorylation has been reported to be an important component of growth hormone action, including activation of MAP kinase and S6 kinase, resulting in protein synthesis and cell proliferation (Tobe et al., 1992; Winston and Bertics, 1992; Silva et al., 1994) . Although the specific biochemical mechanisms for MAP kinase activation are unclear, previous studies indicate that MAP kinase is stimulated by various growth factors, such as epidermal growth factor, IGF-1, insulin and growth hormone in various cell types and tissues (Kazlauskas and Cooper, 1988; Ahn et al., 1991; Gomez and Cohen, 1991; Tobe et al., 1992; Yang and Farese, 1993) . In addition, it is possible that some of the age-related effects on MAP kinase result from variations in estrogen levels which have been reported in middle-aged and old female rodents (Finch et al., 1984) . Nevertheless, differences were not evident in basal MAP kinase levels although growth hormone stimulated MAP kinase activity was impaired in the oldest animals. At the present time, it is not clear whether the activation of MAP kinase is the result of JAK2 phosphorylation, even though MAP kinase activity correlated well with GHR phosphorylation (r 2 = .59, p < .001, data not shown). Thus, the mechanisms responsible for the decline in intracellular signaling with age and its restoration by moderate caloric restriction are unknown but may involve dynamic interactions with other growth factors and/or hormones which have been reported to change with age. This regulation is currently under investigation in our laboratory.
It is well recognized that IGF-1 gene expression is regulated by the secretion of growth hormone from the anterior pituitary gland, and a substantial volume of literature has detailed the decline in these hormones with age (Florini and Roberts, 1979; Sonntag et al., 1980; Florini et al., 1981; Rudman et al., 1981 Rudman et al., , 1990 Kahler et al., 1986; Breese et al., 1991) . Caloric restriction has recently been shown to increase growth hormone pulse amplitude in old animals (Sonntag et al., 1995) , suggesting that caloric restriction may act, at least in part, by increasing IGF-1 gene expression and, subsequently, tissue protein synthesis. Since studies demonstrated that IGF-1 secretion in response to growth hormone administration decreases with age despite an increase in specific binding sites, impairment of specific aspects of GHR signal transduction with age appears likely. Our results are in close agreement with previous studies demonstrating an increase in GHR density in aged LongEvans rats (Takahashi and Meites, 1987) . However, despite the increased numbers of receptors, growth hormone induced IGF-1 gene expression was significantly diminished in old animals. The rise in number of GHRs was moderated in aged calorically restricted animals, and there was a substantial increase in the response to growth hormone compared to old ad libitum-fed animals. Even though the specific intracellular events that contribute to IGF-1 gene expression have not been completely established, the results in the present study suggest that impaired GHR phosphorylation contributes to the decreased tissue response to growth hormone with age, while long-term caloric restriction prevents this decline.
It is well known that moderate caloric restriction retards several aspects of biological aging. This regimen is known to increase protein synthetic capacity Rickettsetal., 1985; Sonntagetal., 1992; D'Costaet al., 1993) , decrease the appearance of numerous age-related pathologies (Weindruch et al., 1986; Iwasaki et al., 1988; Masoro, 1988; Lipman et al., 1989; Bronson and Lipman, 1991; Yu et al., 1991; Hart et al., 1992) , and increase immune function and life span (McCay et al., 1943; Weindruch and Wai ford, 1982; Yuetal., 1982; Weindruch, 1985; Weindruch et al., 1986; Iwasaki et al., 1988; Masoro, 1988) . However, the mechanisms underlying the effects of moderate caloric restriction on aging processes are presently unknown. In young animals, mild stress (resulting from the reduction in food intake) or an acute reduction in caloric intake are known to elicit a decrease in growth hormone pulse amplitude (Tannenbaum et al., 1983) . However, in response to chronic, moderate caloric restriction, growth hormone pulses in aged animals are increased and indistinguishable from young ad libitum fed animals (Sonntag et al., 1995) . The increased amplitude of growth hormone pulses observed under these conditions suggests that at least part of the actions of moderate caloric restriction may be related to increased growth hormone concentrations. The present results demonstrated that moderate caloric restriction reverses the age-associated decline in signal transduction through the growth hormone receptor. Thus, both the decline in growth hormone pulse amplitude as well as GHR signal transduction characteristic of aged animals are reversed by moderate caloric restriction. Although it is unclear at this time whether increased growth hormone action directly contributed to the beneficial effects of caloric restriction, growth hormone is known to increase tissue protein synthesis and has been reported to increase immune function and life span (McCay et al., 1943; Weindruch and Walford, 1982; Yu et al., 1982; Sonntag et al., 1984; BirchenallSparks et al., 1985; Kelley et al., 1986; Khansari and Gustad, 1991; Sonntag et al., 1992) . Thus, our results are consistent with the hypothesis that decreases in growth hormone contribute to some aspects of biological aging and that caloric restriction regulates biological aging in part by (a) increasing growth hormone pulse amplitude and (b) increasing signal transduction through the growth hormone receptor.
In summary, the results of this study demonstrate that growth hormone-induced phosphorylation of the JAK2 and GHR complex as well as activation of MAP kinase are decreased with age, and contribute to the decrease in IGF-1 gene expression and secretion in response to growth hormone. The age-related decreases in GHR signal transduction were prevented by long-term caloric restriction. These data suggest that one action of long-term caloric restriction is to delay the progressive impairment in the signal transduction pathway for growth hormone that occurs with age.
